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A tree-community-level analysis of successional status and gap-phase
and postfire regeneration of range-margin Thuja plicata
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Abstract: Range-margin populations may have different life history characteristics than other populations, and the montane
forests of Glacier National Park represent the easternmost limit of several western conifer species including Thuja plicata Donn
ex D. Don (western redcedar) and Tsuga heterophylla (Raf.) Sarg. (western hemlock). Understanding regeneration strategies of
range-margin populations is important for predicting species distribution shifts. We identify successional status, seedling
substrate preferences, and the degree to which different species establish within canopy gaps and the forest matrix. Thuja plicata
and Tsuga heterophylla were each found to comprise at least 35% of all tree size classes, with six other species each contributing
less than 6%. Similarly, other species each comprised less than 5% of canopy gap and understory seedlings. Thuja plicata is typically
thought of as a late-successional species but it, along with Tsuga heterophylla, dominated stands during all stages of successional
development. Similarly, they dominated both closed forest and gap establishment sites on all rooting substrates but preferred
wood for establishment. Even with the likelihood of increased fire frequency, these range-margin populations likely have the
capacity to maintain their current distributions. As disturbance regimes are modified across landscapes, it may be possible to
observe the potential to adapt to local conditions in other range-margin populations.
Résumé : Les populations en marge de leur aire de répartition peuvent avoir un cycle biologique dont les caractéristiques
diffèrent de celles des autres populations et les forêts montagnardes du parc national des Glaciers correspondent à la limite
orientale de plusieurs espèces de conifère de l'ouest, dont Thuja plicata Donn ex D. Don (thuya géant) et Tsuga heterophylla
(Raf.) Sarg. (pruche de l'Ouest). La compréhension des stratégies de régénération des populations en marge de leur aire de
répartition est importante pour prévoir les changements de distribution des espèces. Nous avons identifié le statut
successionnel, le substrat préféré des semis et la capacité des semis de différentes espèces à s'établir dans des trouées et
dans la matrice forestière. Nous avons observé que Thuja plicata et Tsuga heterophylla étaient tous deux présents dans au
moins 35% des classes de taille d'arbres alors que six autres espèces l'étaient chacune dans moins de 6%. De même, les autres
espèces constituaient chacune moins de 5% des semis établis dans les trouées et sous le couvert forestier. Thuja plicata est
typiquement considéré comme une espèce de fin de succession, mais tout comme Tsuga heterophylla, il dominait la compo-
sition des peuplements pendant tous les stades de succession. Les semis de ces deux espèces dominaient les microsites
d'établissement situés dans la forêt fermée et dans les trouées sur tous les types de substrat, mais préféraient les substrats
ligneux. Même avec la probabilité d'une augmentation de la fréquence des feux, ces populations en marge de leur aire de
répartition ont probablement la capacité de maintenir leur distribution actuelle. Avec la modification des régimes de
perturbation dans les paysages, le potentiel d'adaptation aux conditions locales pourrait être observé chez d'autres popu-
lations en marge de leur aire de répartition. [Traduit par la Rédaction]
Introduction
Microenvironment greatly affects the success of tree seedling
establishment throughout succession. It may change both spa-
tially and temporally and may impart partial control on range
expansion or contraction at range margins (Simard et al. 1998).
Similarly, the suitability of seed germination sites includes direct
and indirect factors such as temperature and available moisture
and nutrients. Conditions must remain within acceptable limits
throughout a plant's establishment phase, and extremes in site
conditions can result in mortality of an individual or extirpation
of a population, especially in the earliest stages of establishment
(Hunziker and Brang 2005). Using tree community data, we fo-
cused on a species and population at the geographic margin of its
range (range-margin hereafter), Thuja plicata Donn ex D. Don
(western redcedar) in Glacier National Park (GNP), to address ques-
tions relating to successional status and the use of canopy gaps
and seedbed substrates for seedling establishment.
Microsite characteristics immediately following fires, particularly
stand-replacing fires, are much different than those found in a ma-
ture, closed-canopy forest, and some tree species have evolved adap-
tations to capitalize on these conditions for seedling establishment.
For example, Pinus contorta var. latifolia Engelm. ex S. Watson (lodge-
polepine),which is common inGNPand is a shade-intolerant species
whose serotinous cones provide a postfire advantage in seed avail-
ability, is adapted to the high-light conditions found following fire.
In contrast, Thuja plicata, a shade-tolerant species, is able to both
establish and persist in the understory of a closed-canopy forest for
decades, even reachingmaturity beneath the canopyof other species
(Kobe and Coates 1997).
The substrates onto which seeds fall also affect seedling success
(Simard et al. 1998; LePage et al. 2000). Despite potentially lower
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concentrations of available nutrients, decayed coarse wood on the
forest floor can act as an establishment site for tree seedlings
(Harmon and Franklin 1989; Takahashi et al. 2000). Its distribution
and nutrient content can vary along topographic and temporal
gradients (Laiho and Prescott 2004). Many tree species such as
Thuja plicata and Tsuga heterophylla (Raf.) Sarg. (western hemlock)
frequently establish in higher numbers on large decaying logs
than on the surrounding forest floor (Harmon 1987; Narukawa
et al. 2003).
Both microenvironment and substrate quality change as a re-
sult of disturbance within forests (Barik et al. 1992; Zhu et al.
2007), which can range from large-scale, stand-replacing fires to
the falling of a single tree, creating a gap in the forest canopy.
Gap-phase regeneration is one process bywhich forest structure is
maintained and inmature forestsmay be the primary form of tree
recruitment to the canopy, either from new seedlings or from
seedlings already established beneath the canopy (Gray and Spies
1996; Kimmins 2004). This is particularly true for shade-tolerant
species, which may persist in a suppressed state for decades be-
neath a closed canopy (D.A. McKenzie, personal observation).
Creation of canopy gaps may also provide the opportunity for
establishment of either the dominant tree species or different
species that are scarce within a stand, potentially altering stand
composition over time (Lertzman 1992). Forest canopy gaps also
provide different microsite conditions including available light,
moisture, or soil temperature (Zhu et al. 2007).
Thuja plicata is commonly found in two somewhat disjunct loca-
tions in North America; coastal populations in the Pacific North-
west (PNW) and inland populations along the Northern Rocky
Mountains (US Geological Survey 1999). It reaches its easternmost
distribution in GNP, Montana (Tesky 1992). In more western pop-
ulations, it frequently establishes on decaying logs and stumps
(Christy and Mack 1984), and canopy gaps can represent the pri-
mary location of tree establishment by sexual reproduction in
mature forests (Wright et al. 1998; Larson and Franklin 2005). In
moist, mature PNW forest stands, decaying coarse wood can be
found in large amounts as a result of tree mortality and a slow
decay process. In contrast, in the montane forests of GNP, fire is
the primary disturbancemechanism, and standsmay only reach a
maximum age of 250 years because of more frequent burning
(Barrett 1988; Barrett et al. 1991). Nevertheless, in GNP, there is still
large, decaying coarse wood on the landscape thatmay contribute
to regeneration success of the species, and dominant canopy tree
mortality that results in the formation of small canopy gaps.
Thuja plicata is typically thought of as a late-successional species
across much of its range because of its shade tolerance; however,
it is occasionally found as a pioneer or early seral species follow-
ing disturbance (Shearer and Asebrook 2003). It can establish at
relatively low densities early in stand development but increase in
proportion because of low rates of mortality as compared with
co-occurring species (Lutz and Halpern 2006). However, our field
observations of Thuja plicata, along with earlier research (Habeck
and Mutch 1973), suggest that neither canopy gaps nor the forest
matrix in GNP contain seedlings or young saplings in equal pro-
portions to the number of mature Thuja plicata seen in the forest
matrix tree layer that resulted from postfire regeneration. In
even-aged stands in GNP containing Thuja plicata, the majority of
trees appear to be canopy codominants with other species, espe-
cially Tsuga heterophylla. Potential methods of regeneration for
Thuja plicata in GNP include gap-phase regeneration, along with
establishment and development under a closed forest canopy, but
may also involve postfire seedling establishment.
We address three primary questions. (1) How does the relative
abundance of tree species among tree height classes change in
stands in GNP containing Thuja plicata? (2) How does the species
composition of tree seedlings establishing within canopy gaps
compare with the composition of seedlings, subcanopy, and can-
opy trees in the surrounding forest matrix? (3) What are the




Data were collected in June and July of 2010 west of the Conti-
nental Divide in the McDonald Drainage (McDonald Creek and
Lake McDonald watersheds) in GNP (48°48=N, 114°00=W), Montana
(Fig. 1). The McDonald drainage is 27 284 ha in size and drains the
headwaters of the Middle Fork of the Flathead River. It also rep-
resents the easternmost limit of Thuja plicata in North America
(except for three small (< 0.25 ha) young populations east of the
Continental Divide in GNP). The McDonald Drainage also repre-
sents the eastern range margin for Tsuga heterophylla and Pinus
monticola Douglas ex D. Don (western white pine). The watershed
is on the windward side of the Lewis and Clark Mountain Range
and is influenced by the maritime climate forces of the PNW
and continental climate patterns from the east. Typically, the
McDonald watershed experiences a cool and moist climate with
an average of 757 mm of precipitation annually, an average
January low temperature of −9.1 °C, and an average Julymaximum
temperature of 26.6 °C (Western Regional Climate Center 2011).
Precipitation is usually distributed evenly throughout the year
(Habeck 1968), but the growing season extends only from May
through September (Natural Resources Conservation Service
2010). Soils in our transects were well-drained sandy to gravely
glacial till or silty clay loam glacial till soils derived from quartz-
ite, argillite, or mixed colluvial parent materials (Dutton et al.
2001).
Transects and data collection
Data were collected from 150 m transects within the forest ma-
trix (matrix transects), and shorter transects of variable length
(gap transects) were positioned at right angles (along cardinal
directions to gap edge) within canopy openings (gaps) along the
matrix transects. In total, 10 sites were studied using 28 matrix
transects (total length = 4005m), and on those transects, a total of
28 canopy gaps were characterized. In some cases, matrix tran-
sects were truncated because of unsafe sampling conditions (e.g.,
rock slides on steep slopes or fast-moving water) at transect ends.
Sites were chosen to include as many of the forest types as possi-
ble that include Thuja plicata in the park and were placed within
mixed-aged stands (average stand age = 112 years) composed of
mixed conifer species. Stand age was determined from increment
cores removed from trees that appeared to be part of the cohort
that established immediately after fire. Although stands were of
different ages, they all appeared to have originated from severe
fires that resulted in an even age structure among dominant can-
opy trees. Stands included Thuja plicata as a canopy codominant in
both high and low proportions, and transect placement was ran-
dom within areas that generally avoided edaphic or topographic
gaps (e.g., major streams, rocky outcrops) and other areas in
which tree regeneration is not likely. Because we were primarily
interested in tree-fall gaps, we did not include burned areas, even
though these also constitute gaps within the canopy at a large
scale. The 150 m transects were sampled in three 50 m segments.
Slope, elevation, and aspect were recorded at the start of each
segment, and transects followed elevational isolines. Canopy
cover was measured using a concave densiometer at the begin-
ning of each segment, and percent cover of rock, soil/gravel,
moss/lichen, litter, shrub, forb, graminoid, tree seedling, and
wood (understory cover categories hereafter) were measured in
10 systematically placed 0.25 m2 quadrats along each segment
(n = 30/transect).
Canopy tree (those with at least the top of the tree extending
into the canopy) and subcanopy tree (>1 cm diameter at breast
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height but not extending into the canopy; Harmon and Franklin
1989) species, size, and density and seedling (<1 cm diameter at
breast height) species and density were recorded on belts along
the transects (4mwide for trees/subcanopy trees, and 2mwide for
seedlings). The growing substrate of seedlings was recorded, in-
cluding the decay class, if the substrate was wood (Narukawa et al.
2003). In addition to the size (diameter at breast height) of the
trees, we made assumptions about the life stage of the trees in
relation to stand age. Lacking definitive age structure data be-
cause of heart rot found inmany trees, we placed trees into height
classes identified as fire survivor (living legacy), seedling, sub-
canopy, and canopy trees. We based our classification on tree size
Fig. 1. Map of the study location. The lower left map shows the location of Glacier National Park (shaded area) within the state of Montana,
USA. The lower right map shows the location (shaded area) of the McDonald drainage within Glacier National Park in which the study took
place. Finally, the upper map shows the location of our study transects within the McDonald drainage. Triangles represent transect start-point
locations; the broken line represents the Continental Divide. Dark areas represent lower elevations and light areas represent high elevations.
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(bole diameter), canopy position (height and canopy depth), and
degree of self-pruning. Trees identified as part of the initial post-
fire tree cohort (canopy class) were those that showed evidence of
self-pruning that results from stem exclusion as a single-aged,
postfire stand matures (Klinka and Brisco 2009). To identify the
proportion of the stand towhich our gap results were relevant, we
also calculated the area of the forest canopy that was represented
by gaps along the 150 m transects (Runkle 1992).
Gaps chosen for sampling varied in size but were relatively
small, having resulted from the death of one to three canopy
trees. They were young enough to not yet have been completely
filled by ingrowth, as evidenced by a lack of canopy above the
stump of the gap maker, and were still identifiable as a gap. We
did not identify the cause of death for the trees that created the
gaps, but these causes were likely varied and could include patho-
gens, senescence, or random events such as lightning strikes.
Edaphic and topographic gaps (water, rock gaps) were excluded
from gap-level vegetation sampling but were included in the cal-
culation of total canopy gap area for the stand. Only the first gap
that met the above criteria was sampled per 150 m transect.
Within each sampled gap, 2 m wide belt transects were used to
quantify the gap fillers (tree seedlings and subcanopy saplings
with the potential to attain the canopy), and 0.25 m2 quadrats
placed each metre along the belts were used to characterize sub-
strates in which seedlings established and to quantify understory
cover categories. Transect belts and quadrats within each gap
were arranged to include the longest segments along the cardinal
directions and stretched the length of the expanded gap edge
(circumference described by the base of surrounding matrix
trees). The length of these transects varied and was used to calcu-
late area, which, along with surrounding canopy height, affects
gap light, temperature, and ambient moisture conditions affect-
ing the forest floor (Lawton and Putz 1988). To identify substrate
preference of seedlings, rooting substrate was recorded in both
matrix and gap belts for each seedling encountered. Seedling root-
ing substrate categories used were log, soil (including moss and
lichen), and stumps. Taxonomic nomenclature follows Lesica
(2002).
Analyses
We identified potential differences in the two seedling loca-
tions (gap versus matrix) using multiple response permutation
procedures (MRPP) and polar ordination (Bray–Curtis) (PC-ORD
v. 4.20; McCune and Grace 2002). MRPP is a nonparametric test
for differences in species composition between predetermined
groups of transects. Similarly, polar ordination arranges transect
data, based on composition, along two predetermined endpoints
(gap andmatrix). It was used to potentially detectmore subtle, but
not necessarily significant, clusters of transect data in ordination
space. Canonical correspondence analysis (CCA) was used to iden-
tify associations between species and site characteristics. In the
ordination procedures, the original Bray–Curtis method was used
for endpoint selection because the groups (gap and matrix) were
not separated quantitatively by environmental variables. The
Sørensen distance measure was used in each procedure.
We usedmultivariate analysis of variance (MANOVA) to identify
factors associated with differences in species proportions or den-
sity counts (standardized to per hectare and then placed into pro-
portion or density classes or bins (n = 20 bins)) in comparisons of
gap to matrix seedlings, gap composition, substrate preference
(log, soil, and stump), and height class (seedling, subcanopy, can-
opy, and survivor). Factors included in all MANOVA procedures
were tree species, location and layer (gap seedling, matrix seed-
ling, and matrix tree), and transect. The additional factor of seed-
ling substrate (soil, log, and stump) was also included in analyses
for seedling substrate preference, and tree height classes were
included as a factor for analyses of proportions of each species in
the different matrix layers. The density of seedlings was adjusted
in the analyses of substrate preference because soil and wood
occurred in different proportions on the forest floor. Density
counts for seedlings occurring on wood were multiplied by the
ratio of soil cover to wood cover (soil/wood), while the density
counts for seedlings occurring on soil were multiplied by the
inverse of that ratio (wood/soil).
Several site factors that have the potential to influence estab-
lishment were included as covariates for all models. These in-
cluded aspect (degrees), slope (degrees), elevation (metres), and
understory percent cover categories (where seedlings were in-
cluded). In the analyses for gaps, gap area (square metres) and gap
aperture (degrees) were also included as covariates. Values for
aperture were the angle from the center of the gap to the top of
the surroundingmatrix trees. Values for aspect were transformed
as suggested by Stage (1976). Expanded gap area was used in our
analyses instead of the canopy gap area to better reflect the
portion of the forest floor actually affected by canopy openings
(Gray et al. 2002). Tukey's method (95% confidence) was used to




Total tree species composition consisted of 10 species: eight
conifers (one deciduous) and two deciduous angiosperms (Lesica
2002) (Table 1). Summary statistics were calculated on a per hect-
are basis from belt transect data (matrix transects = 600 m2, gap
transects = 25–111 m2). An average of only five species was identi-
fied per transect (evenness = 0.630, Shannon diversity = 0.992
[McCune and Grace 2002)). Nine matrix seedling species were
identified,missing only Pinus contorta var. latifolia (mean richness =
2.5 species, evenness = 0.482, Shannon diversity = 0.472 per tran-
sect), and seven gap seedling species were identified, missing Acer
glabrum Torr. (Rocky Mountain maple), Betula papyrifera Marshall
(paper birch), and Larix occidentalis Nutt. (western larch) (mean
richness = 1.9, evenness = 0.485, Shannon diversity = 0.408 per
gap) (Table 1). The forest matrix trees (including subcanopy trees)
had a more even distribution of species as compared with
seedlings in either gaps or the matrix. Thuja plicata and Tsuga
heterophylla dominated each location and layer. Overall, 13.5% of
the canopy was gap (including gap types not sampled).
Species composition and proportional abundance
The seedling layer
Species composition was similar between gap seedlings and
matrix seedlings, and Thuja plicata showed no preference between
the two locations. Both MRPP (A = −0.003, p = 0.565) and Bray–
Curtis (polar) ordination failed to identify differences between the
two groups. The first two ordination axes extracted 58.5% (axis 1 =
32.9% and axis 2 = 25.6%) of the variation in the original species
matrix, but with no obvious clusters in ordination space that
included predominantly matrix or gap seedlings on transects
(Fig. 2). However, almost half of the total species occurred in only
either the gap or the matrix seedling layer. Interestingly, Acer
glabrum, Betula papyrifera, and Larix occidentalis seedlings, all of
which are relatively shade intolerant, occurred only under the
canopy of the matrix forest, and Pinus contorta var. latifolia seed-
lings, which are also shade intolerant, were only found in gaps
(Table 1). Despite the fact that these species were indicators of a
particular location (gap or matrix) within the stands, their abun-
dance was not sufficient to allow us to reject the hypothesis of no
difference in within-location heterogeneity in an MRPP setting or
in ordination space.
Subcanopy and tree layers
Although there were slight differences in the proportions of
Thuja plicata among gap seedlings, matrix seedlings, and matrix
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trees (includes subcanopy trees), none were significant. A two-
factorial MANOVA of species proportion data that included gap
seedlings, matrix seedlings, and matrix trees indicated that the
factors species (p < 0.001) and location/layer (p = 0.001) provided
the best model (model R2 = 0.59) (Table 2, model 1). The species
term indicates that the proportions of individual species varied
among matrix trees, matrix seedlings, and gap seedlings, while
the location/layer term indicates that there was also variance in
proportions among locations and layers regardless of species. The
covariates (aspect, slope, elevation, and understory cover) did not
significantly affect the observed variance. Thuja plicata and Tsuga
heterophylla strongly influenced these results and were dominant
among all locations and layers. Groups identified using Tukey's
method separated these two species from others within all loca-
tions and layers, but the locations and layers were not separated
from one another between these two species. The proportion of
Thuja plicata was highest in the gap seedlings (46.6%) and matrix
seedlings (45.6%) and lowest in matrix trees (37.6%). Tsuga
heterophylla proportions were highest in matrix trees (49.0%) fol-
lowed by the matrix seedlings (47.8%) and gap seedlings (45.1%).
Table 1. Mean Shannon diversity, evenness, and species richness values are the averaged per transect (n indicated)
values by matrix tree, matrix seedling, and gap seedling locations, as well as density and species proportions by these
locations.
Matrix tree (n = 24) Matrix seedling (n = 24) Gap seedling (n = 28)
Mean diversity 0.992 0.472 0.408
Mean evenness 0.630 0.482 0.485
Mean richness 5.0 2.5 1.9
Matrix tree (n = 24) Matrix seedling (n = 24) Gap seedling (n = 28)
Species Density/ha Proportion (%) Density/ha Proportion (%) Density/ha Proportion (%)
Abies lasiocarpa 43.7 2.1 38.9 1.4 151.2 3.2
Acer glabrum 0.7 0.0 2.8 0.1 0.0 0.0
Betula papyrifera 35.4 1.7 1.4 0.1 0.0 0.0
Larix occidentalis 95.7 4.6 1.4 0.1 0.0 0.0
Pinus contorta var. latifolia 120.8 5.8 0.0 0.0 9.2 0.2
Picea engelmannii 32.4 1.6 10.4 0.4 5.2 0.1
Pinus monticola 2.8 0.1 11.8 0.4 8.6 0.2
Pseudotsuga menziesii 110.6 5.3 14.6 0.5 54.1 1.1
Thuja plicata 821.0 39.6 1376.9 49.9 1659.3 34.7
Tsuga heterophylla 810.1 39.1 1300.7 47.1 2896.7 60.5
Note:Density values listed are the average of the individual per hectare density values for each transect, but proportion values listed
are the proportion of each species by location, not by transect (sum = 100).
Fig. 2. Ordination of seedling locations. Ordination results from a Bray–Curtis (polar) ordination using species composition of seedling
positions found both in the forest matrix and in gaps. Triangles represent matrix seedling and circles represent gap seedling. Neither matrix
nor gap transects clustered in any portion of ordination space or along either of the axes.
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Species other than Thuja plicata and Tsuga heterophylla had higher
proportional abundance values asmatrix trees rather thanmatrix
seedlings or gap seedlings, except Pinus monticola, which had its
highest proportional abundance in matrix seedlings, and Abies
lasiocarpa (Hook.) Nutt. (subalpine fir), which was highest in gap
seedlings.
Gap seedling composition and site characteristics
A CCA of the gap seedling composition matrix and the gap site
characteristic matrix indicated that 45.5% of the variance in com-
position within gaps alone was explained by two axes (Fig. 3). Axis
1 (29.2% of variance explained) wasmost associatedwith gap shrub
cover, elevation, and gap area. Axis 2 (16.2% of variance explained)
was associated with gap aperture, although the vector for this
variable was not entirely parallel with the axis. Even though
transects were fairly tightly clustered in one area of ordination
space, gradients were still observed. Pinus contorta var. latifolia,
Pseudotsuga menziesii (Mirb.) Franco (Douglas-fir), and Abies
lasiocarpa were plotted in the area of the ordination associated
with smaller gap apertures (lower surrounding canopy height)
and smaller gap areas, while Thuja plicata, Tsuga heterophylla,
and Pinus monticola were in ordination space associated with
larger gap area and larger apertures. Abies lasiocarpa and Picea
engelmannii Parry ex Engelm. (Engelmann spruce) were more
common in high-elevation gaps.
Seedling substrate preference
In the MANOVA for seedling substrate preference, location (gap
or matrix) within the stand did not contribute significantly to the
model (p ≤ 0.184), indicating that substrate preferences of species
do not differ between the matrix and gaps. The best model in-
cluded species, substrate, and the interaction term species × sub-
strate (p< 0.001 for each,model R2 = 0.34) (Table 2,model 2).While
there were no differences between the matrix seedlings and gap
seedlings, all substrate groups were separated (Tukey's method).
Logs and stumps contained the highest proportion of seedlings
(59%) and soil contained about 41% of seedlings (Table 3). Thuja
plicata and Tsuga heterophylla were the most abundant species
(95.5% of total) and were primarily found on wood, with the other
species barely represented in the seedling layer (4.5% of total).
Differences among all other species–substrate combinations were
insignificant, but other species were more commonly found on
soil than on wood. Adding covariates did not increase the R2 val-
ues (all significant R2 increases <0.01). Of the seedlings that estab-
lished on wood, all established on well-decayed wood (class 4 or 5
(Narukawa et al. 2003)).
Postfire species status
To identify differences in successional status among species,
MANOVA was run using height classes, species, and the interac-
tion term height class × species as factors in the best model (all
p < 0.001, R2 = 0.56) (Table 2, model 3). No covariates affected the
variance explained by the model (all p ≥ 0.273). The height class
factor alone indicated that fire survivor was the only class to differ
significantly in species proportions because Larix occidentalis dom-
inated the fire survivor class (mean proportion = 19.1%), while all
others were dominated by Thuja plicata and Tsuga heterophylla.
Groups formed by the Tukey test on species separated Thuja plicata
and Tsuga heterophylla as a group (highest proportions), Larix
occidentalis, Pseudotsuga menziesii, Picea engelmannii, and Abies
lasiocarpa as a group, and Pseudotsuga menziesii, Picea engelmannii,
Abies lasiocarpa, Betula papyrifera, Pinus contorta var. latifolia, and
Pinus monticola as a group, and Acer glabrum was alone (lowest
proportion). The interaction term further elucidated the relation-
ship among tree height classes for each species. Postfire canopy
tree, subcanopy, and seedling proportions were equal among
these three classes for both Tsuga heterophylla (mean proportion
for postfire canopy tree = 41.8%, subcanopy = 53.0%, seedling =
48.1%) and Thuja plicata (mean proportion for postfire canopy tree =
32.9%, subcanopy = 37.9%, seedling = 44.7%). Tsuga heterophylla
dominated all three classes followed by Thuja plicata. All other
proportions were less than 20%.
Discussion
In GNP, Thuja plicata established just as readily following fire as
beneath the canopy and in gaps inmature forests. Despite low levels
of regeneration in locations nearGNP,whichmight suggest a retreat
of the eastern range margin (Habeck and Mutch 1973), our study
demonstrated that Thuja plicata is present in all successional stages at
the easternmost extent of its distribution. Gap andmatrix seedlings
were dominated by Thuja plicata and Tsuga heterophylla followed by
Abies lasiocarpa, all species common to later-seral stages. Likely be-
cause of the relatively young age of these stands, total canopy gap
area was low (13%) as compared with older stands. For example, in
Pseudotsuga menziesii – Tsuga heterophylla stands in Washington, the
gap area was over twice as large (33.6%) as was found in our sites
(Spies et al. 1990). As the proportion of the canopy in gaps increases,
less shade-tolerant species may occasionally be permitted to estab-
lish (Kneeshaw and Bergeron 1998).
Factors that contribute to differences in distribution and estab-
lishment success such as aspect and slope were not identified as
significant in our ANOVA tests. This likely reflects the relatively
small scale at which we conducted our sampling. At larger scales







status Interaction Model R2
Model 1: Species composition
df 9 1 0.59
F 78.77 10.56
p <0.001 0.001
Model 2: Substrate preference
df 10 2 20 0.34
F 43.54 21.76 18.45
p <0.001 <0.001 <0.001
Model 3: Postfire status
df 9 3 27 0.56
F 100.78 11.29 8.09
p <0.001 <0.001 <0.001
Note: These models represent the best model (highest R2) found after testing all possible combinations of factors.
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that extend beyond the range margin of these species, each of
these would likely have been a good predictor of differences
among species. The ordination tests begin to hint at this, at least
with the elevation variable.
Gap and matrix seedling establishment
In our stands, gap-filler composition was strongly affected by can-
opy species composition (spatially contingent succession) to the ex-
clusion of species that did not dominate the canopy (Baker 2009). In
GNP, only Pseudotsuga menziesii and Tsuga heterophylla have similar
longevity in this forest zone, andgivenenough time,Thuja plicataand
Tsuga heterophylla could use canopy gaps to attain canopy and stand
dominance throughout standmaturation because theywere present
in relatively high proportionswithin gaps and below the canopy and
are shade tolerant, while Pseudotsuga menziesii is not.
Spies et al. (1990) found sapling density in mature Pseudotsuga
menziesii forests in the Cascade Range to be lower than we found in
GNP for Tsuga heterophylla and Thuja plicata. Although we included
seedlings in our counts of gap and understory establishment, we
found a much higher rate of establishment under the canopy for
Thuja plicata and a comparable rate for Tsuga heterophylla. In gaps, the
number of Tsuga heterophyllaobserved inGNPwas almost double that
observed in the Cascade Range (Spies et al. 1990), and Thuja plicata
numbers were almost an order of magnitude higher in GNP. Both of
these species are consideredmesophytic, and theGNP region is drier
than the Cascade Mountain Range. Even so, regeneration appears
abundant.
In a southern range-margin location in the Selway–Bitterroot
Wilderness in northern Idaho, Habeck (1978) found very little to
Fig. 3. Ordination of gap characteristics. Canonical correspondence analysis of gap seedling composition (main matrix) and gap characteristics
(second matrix). Axis 1 was most associated with gap shrub cover, elevation, and gap area, while axis 2 was associated with gap aperture. Plus
signs represent species location in ordination space and triangles represent transects.
Table 3. Average number (per hectare) of seedlings in each of the seedling locations (matrix and gap) per transect (n indicated) as well as the
proportion of establishment substrates by species in each location.
Matrix (n = 24) Gap (n = 28)
Average (density/ha) Proportion (%) Average (density/ha) Proportion (%)
Species Log Stump Soil Log Stump Soil Log Stump Soil Log Stump Soil
Abies lasiocarpa 0 0 7.9 0 0 <0.01 0 0 61.7 0 0 0.03
Acer glabrum 0 0 0.30 0 0 <0.01 0 0 0 0 0 0
Betula papyrifera 0 0 0.16 0 0 <0.01 0 0 0 0 0 0
Larix occidentalis 0 0 0.19 0 0 <0.01 0 0 0 0 0 0
Pinus contorta var. latifolia 0 0 0 0 0 0 0 0 5.2 0 0 <0.01
Picea engelmannii 10.5 0 1.5 <0.01 0 <0.01 0 0 2.2 0 0 <0.01
Pinus monticola 72.6 0 0.78 0.01 0 <0.01 0 0 1.6 0 0 <0.01
Populus tremuloides 0 0 0 0 0 0 0 0 0 0 0 0
Pseudotsuga menziesii 0 0 2.5 0 0 <0.01 0 0 16.9 0 0 0.02
Thuja plicata 610.9 128.4 186.0 0.18 0.02 0.19 3539.4 1127.9 552.2 0.11 0.05 0.27
Tsuga heterophylla 3540.7 167.8 128.9 0.53 0.03 0.04 14552.8 1110.8 1066.7 0.34 0.03 0.15
Note: These values are adjusted for the differences in area covered by each substrate type. Unadjusted values would indicate that more seedlings were found
growing on soil than on logs or stumps.
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no Thuja plicata seedling establishment at elevations below 1100m
but significant establishment (3501 seedlings/ha) above this eleva-
tion in stands over 315 years old. Our transects were only slightly
higher in elevation (up to 1356 m elevation), were younger, and
had fewer seedlings per hectare in both gaps and the matrix.
However, as stands open through senescence of canopy individu-
als, conditions will become more gap-like within more of the
matrix, and it is within gaps that we saw increased numbers of
Thuja plicata seedlings in our stands. GNP represents the eastern
range margin for Thuja plicata, and the population is presumably
limited by low temperatures at higher elevations as it approaches
the Continental Divide. Elevationwas important in the ordination
of community composition, and Thuja plicata was plotted in the
lower elevation side of ordination space (Fig. 3). Had we placed
more emphasis on riparian stands of Thuja plicata at the eleva-
tional extremes of the range margin, we might have observed
patterns similar to those seen in the southern limits of the
species. In the Selway–Bitterroot, Thuja plicata primarily inhab-
its riparian corridors, and Pseudotsuga menziesii, Abies lasiocarpa,
and Picea engelmannii, instead of Thuja plicata, dominate higher
elevations (Habeck and Mutch 1973).
Thuja plicata is shade tolerant, but Tsuga heterophylla is likely
the most shade tolerant of all tree species encountered in GNP,
and this is likely reflected in its success and relative dominance
at multiple successional stages. Pseudotsuga menziesii, a shade-
intolerant species (Maas-Hebner et al. 2005), showed relatively low
rates of establishment in the matrix or in gaps, where it was not
part of the initial postfire cohort in our stands. In GNP, gap size,
which relates to available light, was not a statistically significant
factor in determining the suitability of a gap establishment site
for Thuja plicata as has been found in other studies (Spies et al.
1990), possibly because seedlings were present as advance regen-
eration before the gap was formed. Thuja plicata was, however,
associated with larger gaps as indicated by CCA, suggesting that
gap size does play at least a small role in regeneration success. A
longer fire interval, which would allow for the creation of larger
tree-fall gaps as forests mature and begin to experience tree mor-
tality, may allow species such as Pseudotsuga menziesii and Larix
occidentalis to establish within gaps (Coates 2002). However, when
early-seral stages are dominated by shade-tolerant species, intol-
erant species such as Betula papyrifera are disadvantaged through-
out stand development, as shown in our study.
The ability of Thuja plicata in GNP to establish as a relatively
large component of the postfire cohort and its ability to use gaps
and subcanopy locations for regeneration affect its survival on the
landscape, likely through an adaptation to range-margin condi-
tions. These conditions vary locally and differ from other areas
where Thuja plicata is more abundant but behaves more as a late-
successional species (Ishii et al. 2000; Larson and Franklin 2005).
Because species in different forest locations were not separated in
ordination space, communities are considered similar between
gaps and the canopymatrix, results observed in other gap–matrix
community comparisons (de Römer et al. 2007). However, Thuja
plicata seedlings have also been observed to establish in very low
numbers beneath the canopy of mixed-species forests in British
Columbia, which is a more central location within the range of
the species (Coates 2002).
Substrate preference
Forest tree species and understory species preferentially utilize
different substrates for establishment because substrates differ in
nutrient and moisture levels (Yavitt and Fahey 1985; Kennedy and
Quinn 2001). As in more western populations where Thuja plicata
and Tsuga heterophylla are more frequently encountered, both spe-
cies were found having established on fallen and decaying logs
and stumps (Christy and Mack 1984; Stewart 1989).These findings
represent density values that were spatially corrected and indi-
cate a preference for one substrate over another. However, seed-
ling density without spatial correction was higher on soil in our
study, simply as a function of the abundance of soil versus de-
cayed wood. In the PNW, Tsuga heterophylla established more fre-
quently on fallen logs (Franklin and Hemstrom 1981), as it did in
GNP. A similar effect was seen with Thuja plicata on the Olympic
Peninsula, Washington, where, although differences among sub-
strate preferences were not significant, more Thuja plicata seed-
lings established on logs than on soil (Harmon and Franklin 1989).
Harmon and Franklin (1989) thought persistent standing water
might limit seedlings to logs, but water was not a significant
factor in their study. Our transects were not near standing water,
and raised wood will dry more quickly than soil, but the range in
GNP where Thuja–Tsuga forest occurs is drier but still climatically
similar to the PNW, and wood must remain sufficiently moist for
seedling growth.
The only other Thuja species in North America (Thuja occidentalis
L. (northern white cedar)) is documented to prefer moss-covered
logs over logs without moss or soil for establishment in Quebec,
Canada (Simard et al. 1998). However, Thuja plicata seedlings on
Vancouver Island (British Columbia) survived best onmineral soil
as opposed to soil covered with litter or in sites with partial veg-
etation removal (Weber et al. 2003). Although we did not separate
our substrates into categories based on cover (moss), our observa-
tions in the field suggest that Thuja plicata in GNP established less
frequently on moss-covered logs and when establishing in soil to
have done so on litter, not on exposed mineral soil. All other
species encountered were found more often on wood, but their
occurrence was too infrequent to affect overall results from the
model.
Postfire Thuja plicata regeneration
Thuja plicata is typically thought to be a late-successional, shade-
tolerant species (Carter and Klinka 1992; Kobe and Coates 1997),
establishing in a stand through gap-phase regeneration and less
so immediately following fire (Wright et al. 1998; Larson and
Franklin 2005). Further, it is easily killed by fire through stem
girdling (Peterson and Ryan 1986). In clearcut stands, Lutz and
Halpern (2006) found Thuja plicata establishment to occur sooner
than expected (<40 years) but to still be relatively low as compared
with other co-occurring species, patterns seen in a location close
to GNP (Swan Valley, Montana) as well (Antos and Habeck 1981).
However, in GNP, Thuja plicata has been observed behaving more
as a pioneer species, colonizing disturbed areas immediately after
the disturbance (Shearer and Asebrook 2003). Tree-ring widths
from trees used in our study were wide in the oldest rings (D.A.
McKenzie and D.B. Tinker, unpublished data), narrowing as one
moves farther from the pith. This pattern is indicative of open,
unrestricted growth early in the life of the tree, conditions found
following fire and not the light-limited conditions of the sub-
canopy (Daniels 2003). Our study indicated that Thuja plicata
successfully regenerated both in the understory of the closed
canopy and within gaps. The postfire conditions created by stand-
replacing fires create conditions very different from those found
in later-successional stages to which survivors and new recruits
alike must be adapted (Swanson et al. 2011). Based on our results,
Thuja plicata is suited not only to subcanopy and gap regeneration
but also to postfire conditions inmany areas in the park, allowing
it to establish after fire in higher proportions than found else-
where (Hamilton 2006).
Although the current study was designed for smaller canopy
gaps and mature forests, we also had the opportunity to charac-
terize immediate postfire regeneration in the Thuja–Tsuga zone of
GNP (D.A.McKenzie andD.B. Tinker, unpublished data). The stand
initiated after the 2003 Robert Fire on the northwest side of Lake
McDonald was 7 years old at the time of the current study. We
placed transects at the north end of Lake McDonald in areas of
moderate to high burn severity, but low-severity burned areas
were within 500 m of all three transects. Seedling abundance was
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patchy, but mean seedling density was still 207 511/ha, much
higher than that found within the other study sites. Thuja plicata
represented 22.1% and Tsuga heterophylla represented 73.7% of the
seedling layer. Picea engelmannii (3.5%) was the only other species
with a proportion greater than 1%. For Thuja plicata and Picea
engelmannii, over 96% of seedlings were found growing on soil, and
for Tsuga heterophylla, 99.9% of seedlings were on soil. The propor-
tion of Thuja plicata and Tsuga heterophylla is not surprising given
that the majority of the surviving trees in the nearby lightly
burned area were of these two species. The high proportion of
seedlings growing in soil as opposed to logs may reflect the drier
postfire conditions present here, as opposed to within a closed
canopy or small gap.
We also sampled two sites within the same fire perimeter at the
south end of Lake McDonald in a previous study (McKenzie and
Tinker 2012). These were 10 km distant from the above-mentioned
sites, but postfire regeneration of Thuja plicata was very different.
These southern transects experienced high-intensity fire for at
least 1 km in all directions. Here, prefire relative density of Thuja
plicatawas 22.9%, but postfire density was less than 1%. The prefire
relative density of Thuja plicata was somewhat lower than that
observed in the 2010 tree data, but the lack of postfire regenera-
tion by Thuja plicata was not even suggested by the current data.
Thuja plicata does not have a long-lived seed bank, seeds are not
fire tolerant, nor are they widely dispersed (Minore 1983), and the
differences between the two sites point to fire-surviving trees as
an essential part of Thuja plicata regeneration success following
disturbance by fire.
Seedlings of Thuja plicata and Tsuga heterophyllawere most dense
in moist locations, suggesting that when they establish in full
sunlight, abundant moisture is required for successful develop-
ment (Weber et al. 2003). Younger trees are considered to be mod-
erately exposure tolerant, but seedlings are susceptible to sun
scorching, establishing better in shade (Wright et al. 1998). How-
ever, observation of the north site suggests that this is not neces-
sarily true in GNP where there was a seed source as well as
abundant direct solar radiation. This has been further docu-
mented along road construction sites within GNP where, despite
overall low germination rates, Thuja plicata and Tsuga heterophylla
made up 95% of the postconstruction, naturally regenerating
seedling community (Shearer and Asebrook 2003). The ability of
Thuja plicata to occupy all successional stages and tolerate thewide
range of environmental conditions therein suggests that at its
range margin, Thuja plicata is very much a generalist and is able to
acclimate or has adapted to a wide range of conditions.
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